in air involves draw1.ng air through a filter, then counting the total alpha activity on the filter for three specified time intervals after sampling. The concentrations of the .
•.
radon decay products are calculated by taking linear combinations of the three count totals, with the coefficients obtained by solving the Bateman equations (Fu78, for example).
Tsivoglou ~ al. first proposed such a technique for measuring radon progeny concentrations in mine atmospheres; they used a ratemeter to determine alpha activity 5, 15, and 30 minutes after sampling (Ts53).
Integrating devices, i.e. counters, subsequently became sufficiently portable for use in the field and, because they yield better precision, replaced ratemeters for measuring radon progeny activity on filters.
Thomas optimized the count-interval timing to minimize measurement precision for a total measurement time of 35 minutes; he recommended counting from 2 to 5, 6 to 20, and 21 to 30 minutes after a five-minute saopling period (Th72). Busigin and Phillips showed that delays of greater than one minute between counting intervals yield somewhat better precision (BuBO).
In optimizing measurement precision they also considered uncertainties due to variations in the rate at which radon progeny are collected on a filter. They suggested counting from 2 to 5, 7 to 15, and 25 to 30 minutes after a five-minute sampling period.
In each of these three papers, the authors discuss application of the measurement technique only in uranium mines, where radon progeny concentrations of interest are in the range of ten to several hundred
In recent years a number of researchers have studied radon and radon progeny in residences, where the concentrations of interest commonly range from less than one to ten pCi/1. (See, for'example, the special issue of Health Physics on indoor radon, scheduled for publication in early 1983.) The precision of the total-alpha three-count method with sequential sampling and counting intervals is not adequate for measuring low concentrations of radon decay products indoors when the total measurement time is limited to 35 minutes. For example, using the timing recommended by Thomas and assuming a sampling rate of 10 liters per minute, a counting efficiency of 0.4, and progeny activity ratios of 0.6 for 214 Pb: 218 Po and 0.4 for 214 Bi: 218 Po, the concentrations at which the relative standard deviation in the measurement is 20% due to counting statistics alone are 7.7, 1.6, and 2.5 pCi/1 for 21 8Po, 214Pb, and 214 Bi, respectively (N~81).
Although measurement precision can be improved by increasing the sampling flow rate, high rates of air movement may perturb the environment being measured (see, for example, Ho79). An alternative approach to improving measurement precision involves extending the total measurement time beyond 35 minutes. Also it is practical in many cases to begin counting one minute after the end of sampling, rather than two, thereby improving the measurement precision for 218 Po.
Yet another approach to improving measurement precision is to overlap the sampling and counting intervals. To do so requires a sampling head which has a detector facing the front surface of the filter. James and Strong reported on the development of such an instrument for use in mines (Ja73), and Cliff demonstrated that by counting during sampling one could achieve significantly better precision, particularly for 218 Po, than results from the timing recommended by Thomas (Cl78) . It is my perception that in spite of this finding most workers continue to use sequential sampling and counting intervals. This may be due to the unavailability of commercial instruments. Whether the complex samplinghead geometry may lead to substantial errors from non-uniform collection of radon progeny on the filter, or from their deposition on other sampling-head surfaces has not been fully addressed in the literature.
Such potential errors are neglected in the analysis presented here.
Raabe and Wrenn proposed the use of regression analysis with totalalpha detection and many counting intervals to improve measurement precision (Ra69). Again this approach is not widely used, perhaps because of the complexity of data analysis: data from the three-count technique can be easily analyzed with a hand-held programmable calculator, while the regression analysis is easily accomplished only with the assistance of a microcomputer.
The use of alpha spectroscopy to separately count the decays from 218 Po and 214 Po during two count intervals has been widely investigated (Ha69, Jo74, Tr79, Na81). For fixed air-flow rates during sampling, this approach offers improvements in precision over the total alpha techniques. Again, though, this approach does not appear to be widely used.
Groer and his colleagues have developed a instrument which uses alpha spectroscopy and gross beta measurement during a single counting interval after sampling to measure concentrations of the three radon progeny (Gr73, Ke78). The advantage of this instrument is that precise measurements can be made rapidly; its primary disadvantages are its complexity which results in high cost, and its bulk. counting intervals I show that one can achieve modest improvements in precision by relaxing some of the constraints Cliff applied in his analysis. I find that measurement sensitivity using overlapped intervals and 60-minute total measurement time is improved by factors of 5.5, 2 and 2.5 for 218 Po, 214 Pb and 214 Bi, respectively, relative to using sequential intervals and a 60-minute total measurement time.
OPTIMIZATION PROCEDURE
The basis for optimizing count-interval timing is the minimum measurable concentration (~~C) which I define to be the concentration at which the relative standard deviation (RSD) in the measurement due to counting statistics is 20%, assuming the product of detector efficiency and sampling flow rate to be 1.0 liters per minute. To compute the ~ftlCs I define the following symbols:
C is a 1 X 3 matrix where Ci is the number of alpha -4- The count matrix can be expressed as a function of the activity matrix:
where H is a 3 X 3 matrix whose elements depend upon the sample and 
The minimum measurable concentrations can then be computed, using standard propagation-of-error formulae (Be69), for specified timing conditions and activity ratio vector, R;
where, by definition,
To choose among different count-interval timing sets, a single optimization parameter must be selected. In previous work, 218 Po measurement precision was used as the optimization parameter (Th72, Bu80).
In addition to doing calculations following this example, I used two ing. For overlapped sampling and counting intervals the same general procedure was followed, however the beginning of the first count interval was fixed at zero and the sampling time was allowed to vary.
All of the optimization results reported in this note were computed with an activity ratio vector of (1, 0.5, 0.4), representative of ratios found inside houses with relatively low air-exchange rates (i.e., less than 0.5 air changes per hour.) The optimal timing is quite insensitive to the activity ratio vector; only for extreme disequilibrium does the optimal timing change significantly.
Throughout this note, I use the notation (t 0 , t 1 a-tlb' t2a-t 2 b' t 3 a-t 3 b) to specify measurement timing, where t 0 is the sampling time, and tia and tib give the start and end times, respectively, of the ith counting interval. Each of these times is referenced to the beginning of sampling, so t 3 b is the total measurement time and t 2 a-t 1 b is the delay time between the first and second count intervals.
RESULTS AND DISCUSSION
The effect on measurement precision of varying the total measurement time for the total-alpha three-count technique with sequential intervals was examined by computing optimized }fl·ICs for total measurement times between 30 and 80 minutes, with a sample time of five minutes, delay times of one and two minutes, and an activity ratio vector of (1, 0.5,
0.4).
The results of this analysis are plotted in Figure 1 along with points indicating the MMCs for the timing recommended by Thomas (Th72) .
The most important feature of this figure is the steepness of the curves, particularly for total measurement times in the vicinity of 35
minutes. This result indicates that modest increases in the total measurement time lead to substantial improvements in measurement precision.
To select the best total measurement time, one must balance the goal of Results of a similar analysis for overlapped intervals are presented in Figure 2 . As Cliff concluded, using overlapped intervals is seen to substantially improve measurement precision for 2 I 8 Po. While these curves are less steep than those in Figure I , the fractional improvements in increasing measurement time from 35 to 60 minutes are comparable. We also see in Figure 2 that while time sets recommended by Cliff can be substantially improved for measurement ti~es of less than 40 ~nutes, the time sets he proposed for total times greater than 40 minutes are near optimal. The constraints Cliff imposed which were relaxed here are (I) fully coincident sampling period and first counting interval and (2) fixed one-minute delays between counting periods.
Better precision is obtained by allowing the end of the sampling period to differ from the end of the first counting interval and by using delays between counting intervals of greater than I minute.
The effect of varying the sampling time on measurement precision for sequential intervals is shown in Figure 3 . For a total measurement time of 60 minutes the MMC for 2 I 8 Po has a minimum at a sampling time of six minutes, and over the range of 3.7 to 9.5 minutes varies only between II and I2 pCi/1. For the other two radon decay products longer sampling times result in better measurement precision over the entire range analyzed (2 to I4 minutes). An implicit assumption, however, in the total-alpha three-count technique is that the concentrations of radon progeny in air remain constant throughout the sampling period. This assumption will be better satisfied for shorter sampling times. It therefore seems reasonable to continue for sequential intervals to use a -IO-...
five-minute sampling time as recommended by Thomas (Th72) . With overlapped intervals constraining the sampling time to 5 minutes results in a substantial loss · of precision for each isotope; for example the minimum measurable concentrations for the timing (5, 0-7, 9-27, 38-60) and R 2 :R 3 = 0.5:0.4 are 3.4, 0.9 and 1.7 pCi/1 compared to 2.0, 0.4, and 0.9 pCi/1 for 218 Po, 214 Bi and 214 Pb, respectively, using the optimal timing of (16, 0-11, 17-34, 43-60).
For sequential intervals the effect of varying the delay time between the end of sampling and the beginning of the first count interval is most significant for the measurement precision of 218 Po, as one might expect given its short half-life (Figure 3) . Clearly, minimizing this delay time is desirable. Thomas concluded that; for measurements in a mine, two minutes was a reasonable minimum. For measurements in houses, the sampling site and counting site are commonly in close proximity making a one-minute delay time practical.
A summary of measurement precision and calculation cons~ants for six time sets is presented in This result can be seen more clearly in Figures S-7 where lines of equal ~1MCs are plotted in a triangular space whose points represent all sustainable radon progeny activity ratios. Figure 5 is plotted for the timing recommended by Thomas, Figure 6 is computed for the timing recommended in this work for a 60-minute period with a one-minute delay, and They suggest that this contribution to uncertainty be included in optimizing any radon progeny measurement technique. Close examination of Table 1 in their paper shows, however, that including this contribution in the optimization has only a modest impact on measurement precision --insufficient, in my judgement to mandate its inclusion, particularly since the variations are at best difficult to quantify. (In their Table   1 , the differences in RSD for 218 Po are less than 3% between using timing #11, optimized for no fluctuation in collection rate and timing #18, their suggested procedure, optimized for 3% RSD in pump speed). In Table 2 I present RSDs for radon progeny concentrations calculated for timing sets recommended by Thomas, by Busigin and Phillips, by Cliff, and in this work. The results are presented for three different sets of radon progeny concentrations and for RSDs in the rate of collection of radon progeny on the filter of 0% and 5%. While Busigin and Phillip's timing shows the greatest insensitivity to collection rate fluctuations (as measured by the fractional increase in RSD of the measured progeny concentrations between ~I = 0% and ~I = 5%), the 60-minute measurement procedure with sequential intervals has substantially lower RSDs for all conditions.
With ~I = 0% the time sets utilizing overlapped intervals show substantial further improvement, particularly for 21 8Po. However,
-13-
with ~I = 5% the differences in RSD for 214 Pb and 214 Bi between the 60-minute periods using sequential and overlapped intervals are small.
SUMMARY
The total-alpha three-count technique, as developed for use in mines, has inadequate precision for many applications studying radon progeny indoors. By extending the total measurement time from 35 to 60 minutes the measurement precision is improved substantially, thereby allowing radon concentrations typically found in residences to be measured with moderate precision and modest sampling flow rate and detector efficiency requirements. The timing sequences optimized for a 60-minute measurement period with a five-minute sampling period and one-and twominute delays are (5, 6-9, 12-29, 40-60) and (5, 7-10, 13-30, 42-60) respectively. Further improvements can be achieved by employing an instrument that permits simultaneous sampling and counting. In this case, the timing sequences optimized for 45-and 60-minute total measurement times are (12, 0-9, 13-27, 34-45) and (16, 0-11, 17-34, 43-60) .
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-15- Po decays and For the purposes of optimization I assume that 11 1 = 11 3 • The functions Gi/t)
give the number of decays on the filter during the interval 0 to t of the ith decay product due to the sampling of one pCi/1 of the jth decay product at a rate of one 1/min: ( ) 2.22
(A2c) and 2.22 ( r3(t))
and ( Table 1 . Calculation constants and minimum measurable concentrations of radon progeny for the total-alpha three-count technique. The first three time sets listed are for systems which count after sampling is complete, while the !lecond three are for systems in which the sampling and counting interval may be overlapped. Equations (2), (3) and (8) in the text give the relationships between the counts observed, the calculation constants, and the progeny concentrations and measurement uncertainties. The minimum mea!lurable concentration is defined as the level at which the relative standard deviation in the measurement due to counting statistics is 20% assuming the product of flow rate and detector efficiency to be 1.0 liters per minute. Optimized minimum measurable concentrations of radon progeny for the total-alpha three-count technique as a function of total measurement time, with the constraint that counting may not begin until sampling is complete. Sampling time is fixed at 5 minutes.
-24- Isonleths of minimum measurable concentrations of radon orogeny as functiors of activity ratios for timing recommended by Thomas (Th72) . R 2 and R 3 are the activity ratios of 214Pb and 2llfBi respectively to 218Po.
